Trends in concentration and loads of acetochlor, alachlor, and metolachlor and their ethanasulfonic (ESA) and oxanilic (OXA) acid degradates were studied from 1996 through 2006 in the main stem of the Iowa River, Iowa and in the South Fork Iowa River, a small tributary near the headwaters of the Iowa River. Concentration trends were determined using the parametric regression model SEAWAVE-Q, which accounts for seasonal and fl ow-related variability. Daily estimated concentrations generated from the model were used with daily streamfl ow to calculate daily and yearly loads. Acetochlor, alachlor, metolachlor, and their ESA and OXA degradates were generally present in >50% of the samples collected from both sites throughout the study. Th eir concentrations generally decreased from 1996 through 2006, although the rate of decrease was slower aft er 2001. Concentrations of the ESA and OXA degradates decreased from 3 to about 23% yr −1
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. Th e concentration trend was related to the decreasing use of these compounds during the study period. Decreasing concentrations and constant runoff resulted in an average reduction of 10 to >3000 kg per year of alachlor and metolachlor ESA and OXA degradates being transported out of the Iowa River watershed. Transport of acetochlor and metolachlor parent compounds and their degradates from the Iowa River watershed ranged from <1% to about 6% of the annual application. Th ese trends were related to the decreasing use of these compounds during the study period, but the year-toyear variability cannot explain changes in loads based on herbicide use alone. Th e trends were also aff ected by the timing and amount of precipitation. As expected, increased amounts of water moving through the watershed moved a greater percentage of the applied herbicides, especially the relatively soluble degradates, from the soils into the rivers through surface runoff , shallow groundwater infl ow, and subsurface drainage.
Eleven-Year Trend in Acetanilide Pesticide Degradates in the Iowa River, Iowa
Stephen J. Kalkhoff ,* Aldo V. Vecchia, Paul D. Capel, and Michael T. Meyer H erbicides have been an important tool to control unwanted vegetation in crops in the United States. Elimination of competing vegetation has helped the American farmer to increase yield and to produce abundant crops for food and fuel that are used domestically and exported throughout the world. Many herbicides have been synthesized to target a broad range of plants or specifi c types of grasses or broadleaf plants. Herbicides have diff ering modes of action that allow them to be applied pre-emergent to prevent weed germination or postemergent to kill growing weeds, providing the producer a variety of weed control options.
Th e acetanilide class of pre-emergent herbicides has been used extensively in the United States for more than 40 yr. Th e acetanilide herbicides acetochlor, alachlor, and metolachlor are used extensively in the midwestern United States at annual rates that range from <10 to >30 kg km −2 (Supplemental Fig. S1 ). Alachlor was fi rst commercialized in 1969 (USEPA, 1998) and is used mostly to control annual grasses and broadleaf weeds in row crops. Metolachlor is a preemergent selective herbicide used to control certain broadleaf and annual grassy weeds primarily in crops. It was made available commercially for use on corn (Zea mays L.) in 1977. S-metolachlor, a revised formulation of metolachlor, introduced in 1994, includes only the herbicidally active enantiomer of metolachlor, which allows for lower use rates (USEPA, 1998) . Acetochlor is used for the control of most annual grasses and certain broadleaf weeds in corn. It was granted a conditional registration in 1994 and rapidly replaced alachlor. Once applied, acetochlor, alachlor, and metolachlor undergo transformation relatively rapidly in aerobic soil but much more slowly in water alone (Gilliom et al., 2006) . Research has shown that these compounds may be transformed by a relatively large number of pathways in the hydrologic system (many of them requiring microbial assistance), resulting in the production of at least 12 degradates for acetochlor, 22 for alachlor, and 21 for metolachlor (Stamper and Tuovinen, 1998; Lee and Strahan, 2003; Hladik et al., 2005) . Mechanisms of degradation include biological and photo degradation (Sette et al., 2004; Capel et al., 2008; Kiss and Virag, 2009) .
Numerous degradates have been identifi ed (Hladik et al., 2005) , but the ethanasulfonic (ESA) and oxanilic (OXA) acid degradates have been the most commonly studied. Although ESA and OXA degradates of alachlor and metolachlor are generally considered less toxic (Gadagbui et al., 2010; USEPA, 2011) than their parent compounds, these compounds are included in the U.S. Environmental Protection Agency Contaminant Candidate List 3 because the degradates are known or anticipated to occur in public water systems and thus may require regulation under the Safe Drinking Water Act (USEPA, 2009) .
Previous studies beginning in the 1990s documented the occurrence of pesticide degradates in rivers and streams in Iowa and other parts of the midwestern United States. In a 1996 study, acetanilide degradates occurred more frequently (3-45 times more oft en) and at greater concentrations (at times an order of magnitude greater) than their parent compounds in Iowa rivers and streams (Kalkhoff et al., 1998) . Th e major rivers in Iowa and Illinois contributed more than half of the acetochlor and metolachlor loads to the Mississippi River in 1996 and 1997 (Clark et al., 1999) . Th e proportion of acetanilide degradates of the total herbicide concentration was substantially greater in the Upper Mississippi River than in samples from the Missouri and Ohio Rivers (Rebich et al., 2004) .
Alachlor and metolachlor concentrations decreased substantially in more than 50 streams in the midwestern United States from 1989 through the mid-1990s (Scribner et al., 2000) . In general, parent concentrations of alachlor and metolachlor trended downward in large rivers ) and smaller streams ), but the trends generally were smaller and less signifi cant than the earlier trends. In contrast, acetochlor concentration trends for the same sites were generally mixed upward and downward and were mostly nonsignifi cant during the 1996-2002 and 2000-2006 periods analyzed in the previous studies . Th e Iowa River at Wapello, Iowa (IR) and the South Fork Iowa River near New Providence, Iowa (SFIR), like many of the sites included in the previous studies, had signifi cant downtrends in alachlor and metolachlor concentrations during the years 1996 to 2002 and nonsignifi cant concentration downtrends during the years 2000 to 2006. However, unlike most of the other sites, the IR and SFIR had signifi cant downtrends in acetochlor concentrations during the years 1996 to 2002, and the IR site had a signifi cant uptrend in acetochlor concentration during the years 2000 to 2006. Because the concentrations of the parent compounds are changing over time, concentrations of pesticide degradates would be assumed to have a parallel trend in streams and rivers.
Acetanilide degradates persisted into the late summer in 70 small-to medium-sized agricultural streams and rivers in Illinois, Iowa, and Minnesota during base-fl ow conditions in 1997 . Concentrations of acetanilide compounds in streams were correlated with antecedent late spring and early summer rainfall that may transport degradates to shallow groundwater and subsequently into nearby streams . Acetanilide ESA and OXA degradates were present in more than 50% of May and June samples aft er pre-emergence herbicides were applied, in June and July aft er postemergence herbicides were applied, and in late summer low-fl ow samples from more than 70 rivers and streams in the Midwest in 1998 (Battaglin et al., 2003) . Schnoebelen et al. (2003) found that acetanilide degradate concentrations in 10 eastern Iowa rivers and streams did not follow the seasonal concentration pattern of the parent compounds but were present at relatively consistent levels throughout the year. Lerch et al. (2011) also found that, during a 15-yr period, acetochlor, alachlor, and metolachlor loads increased with increasing streamfl ow during April through June.
Acetanilide herbicides are an important tool used to control competing vegetation in crops throughout the United States. However, decadal trends in the occurrence and transport of both the parent and important degradate compounds generally have not been described in the literature. Although decadal concentration and transport trends for alachlor, acetochlor, and metolachlor have been described (Lerch et al., 2011; Vecchia et al., 2009) , corresponding trends for ESA and OXA acetanilide degradates are unknown. Th is paper describes the trends in occurrence and transport of the parent acetanilide herbicides and selected acetanilide ESA and OXA degradate compounds in a large midwestern river (Iowa River) from the spring of 1996 through the fall of 2006 to better understand the impact of changing herbicide use due to changing regulations, user preferences, and reformulations in the Midwest Corn Belt. Persistence of a number of acetanilide degradates aft er use of the parent compound is discontinued is also described. Data from monthly samples collected from a site on a tributary stream (SFIR) and a site on the IR near the mouth from the spring of 1996 through the fall of 2006 were used to calibrate a statistical model to estimate daily concentrations. Daily loads were calculated from the estimated concentrations and measured streamfl ow to compare and contrast temporal trends in herbicide degradate concentrations and load in a small stream that drains a watershed with relatively uniform climate, topography, and land use to a large river that drains a watershed that integrates the eff ects of varying precipitation, topography, and land use. Th e results are discussed in relation to changing herbicide use and annual runoff . Th e contribution of groundwater as a continuing source of the herbicide degradates is explored as an explanation of their occurrence in the stream years aft er their use was discontinued or reduced.
Materials and Methods

Study Area
Th e IR watershed is centrally located in the western part of the Midwest Corn Belt, one of the areas of greatest use of acetanilide herbicides in the United States (Supplemental Fig.  S1 ). Th e IR is a major tributary of the upper Mississippi River that drains more than 32,300 km 2 in eastern Iowa and a small part of southeastern Minnesota (Fig. 1) . Surfi cial drainage patterns are controlled by the topography of three distinct landform regions that were shaped by glaciers and subsequent erosion. Th ese regions closely align with the U.S. Department of Agriculture's major land resource regions (USDA, 2006). In the southern and eastern parts of the watershed (Southern Iowa Drift Plain and Iowan Surface), the land surface was formed by erosion of glacial drift deposited more than 100,000 yr ago (Prior, 1991) . Varying thicknesses of windblown loess deposits were deposited on the older till in the Southern Iowa Drift Plain during the Wisconsinan ice age (10,000-12,000 yr ago). In the Southern Iowa Drift Plain, erosion of the loess and till deposits has formed a land surface that is generally rolling to hilly but has some broad ridgetops that are nearly level (USDA, 2006) . Steep slopes are present in areas bordering streams. Erosion has resulted in an extensive well connected stream network (Prior, 1991) . In the northern and eastern part of the watershed, the land surface is nearly level to gently rolling plain with long slopes (USDA, 2006) . As in the south, drainage networks are well established, but with lower stream gradients (Prior, 1991) . In the northwestern part of the watershed called the Des Moines Lobe, the land surface was formed by the Wisconsinan-aged glacial advance. Th e land surface of the Des Moines Lobe is composed of glacial till that is nearly level to gently rolling with moraines and lake plains (USDA, 2006) . Th e relatively young land surface of the Des Moines Lobe results in internal drainage (i.e., prairie potholes that only drain to nearby basins during very substantial rains). Th is area was extensively drained beginning at the start of the 1900s by construction of surface drainage ditches and installation of subsurface drainage to allow crop production. Th e SFIR is a medium-sized tributary of the IR that drains a watershed of about 800 km 2 located entirely within the Des Moines Lobe (Fig. 1) .
Water in the IR originates from overland runoff and groundwater infl ow caused by annual precipitation of about 80 cm in the northern part of the watershed to more than 90 cm in the southern part of the watershed (NOAA, 2002) . Because annual precipitation is normally less in the western and northwestern parts of the IR watershed, median annual water yield (defi ned as the depth to which the watershed would be covered if all of the streamfl ow for a 1-yr period were uniformly distributed on it) from the SFIR (19.7 cm) was slightly less than from the entire IR watershed (23.1 cm) during the 11 yr of the study (Fig. 2) . Precipitation substantially greater than normal in 1998 resulted in annual water yield that was more than 50% greater than the long-term average. During the 1996-2006 period analyzed for this study, annual water yield generally was within ±40% of the long-term average.
Th e fertile soils along with ample quantities of rainfall during spring and summer produce conditions in the IR watershed suitable for agricultural production of corn and soybeans [Glycine max.(L.) Merr.] . Th e area planted to corn in Iowa remained constant or decreased slightly from 1996 through 2001 (Fig. 3) . Corresponding with an increase in corn hectares beginning in 2001, there was a decrease in soybean acreage (Fig. 3) to about 4.1 million ha in 2006. Although crop production data for the IR watershed are not available for the entire study period, it is assumed that the cropping patterns in the IR watershed likely refl ect those in the State (Table 1 ). In the IR watershed, the amount of cropland increased about 2% from 2002 to 2007 (Table 1) . Th e change may be driven by an increased demand for corn used to produce ethanol for fuel during the latter part of this period. A decrease of acres planted in soybeans and a substantial increase in the number of acres planted in corn (Table 1) Tillage practices used to prepare the soil for planting changed substantially during the early 1990s (Supplemental Fig. S2 ). Conservation tillage practices that included no-till, ridge-till, and mulch-till, intended to reduce erosion of topsoil, were used on about 20 to 30% of the watershed in 1990; use increased to more than 50% of the watershed by 1996. Use of these practices in the IR watershed continued to increase slowly from about 50% in 1996 to about 58% in 2004. Th ere were localized diff erences in the use of conservation tillage as evidenced by the decline from 55 to 45% in the SFIR watershed from 1996 to 2004.
Acetanilide herbicides have been extensively used for many years in the IR watershed for control of unwanted vegetation in row crops. Pesticide use information is not always available for smaller watersheds such as the SFIR, and thus estimated use for smaller watersheds based on larger crop reporting districts should be used with caution (see supplemental material). Several changes in acetanilide herbicide use since the early 1990s have strongly infl uenced application rates. Alachlor and metolachlor use substantially decreased during the 4 yr preceding this study (Fig. 4) . In the IR watershed from 1992 to 1996, the application of alachlor decreased by more than 90%, and metolachlor decreased about 30%. Similar changes occurred in the SFIR watershed. Th ese two compounds were, to some extent, replaced by acetochlor, which was fi rst registered for use in 1994 (Fig.  4) . Acetochlor use in the IR watershed increased rapidly to more than 800,000 kg yr −1 within 2 yr of registration, and its use has remained relatively constant through 2006. In 2000, reformulated metolachlor (S-metolachlor), which contains only the herbicidal active enantiomer of metolachlor, became available on the market. Th e change in formulation resulted in a reduction of the application rate of metolachlor by about one half. Finally, the introduction and wide-scale use of crops genetically modifi ed to be resistant to postemergent glyphosate (and other herbicides) in the mid to late 1990s caused decreases in conventional pre-emergent herbicides, including these three acetanilide compounds (Givens et al., 2009) .
Th e use pattern in the smaller SFIR watershed is refl ective of that in the larger IR watershed with one exception. Th e estimated use of metolachlor in the smaller watershed increased from about 21,000 kg in 1995 to almost 33,000 kg in 1999 (Fig. 4) . Yearly metolachlor use began to decrease in 2000 as glyphosate use increased and as S-metolachlor became the dominant metolachlor formulation. Metolachlor use in the SFIR watershed at the end of this study was estimated to be about 11,000 kg.
Recently, an increased concern for glyphosate-resistant weeds and the need for enhanced weed control have resulted in recommendations for the use of preemergent herbicides, such as acetanilides, in combination with the use of the postemergent glyphosate (Gustafson, 2008; Givens et al., 2009) . 
Sample Collection
Water samples to be analyzed for the acetanilide compounds were collected at a site located on the IR at Wapello, Iowa about 26 km upstream from the confl uence with the Mississippi River (drainage area of 32,370 km 2 ) and at a site on the SFIR northeast of New Providence, Iowa, about 10 km upstream with the confl uence with the IR (drainage area of 596 km 2 ) ( Fig. 1 ). Samples were collected monthly at both sites throughout the study period, except in growing seasons (May-September) of 1998 and 2006, when they were collected weekly to biweekly. Before sampling, all equipment used to collect, hold, and process pesticide samples was cleaned with a 0.1% nonphosphate detergent, triple rinsed with tap water, triple rinsed with deionized water, and rinsed with methanol that was certifi ed by the manufacturer to be free of pesticides. Once cleaned, the equipment was air dried, wrapped in aluminum foil, and stored in a dust-free environment.
Depth-integrated samples were collected using a cablemounted or hand-held sampler from a minimum of 10 equally spaced verticals to ensure that a representative sample (Wilde, 2004) was collected even when the rivers were not well mixed. Holes were drilled through the ice to access fl owing water during winter months. Th e number of verticals was reduced at times during the winter when thin ice or ice fl ows created hazardous sampling conditions. Samples from each vertical were composited into a Tefl on churn for mixing. Water was pumped from the churn and fi ltered through an in-line, baked glass-fi ber fi lter (Whatman GFF; 142-mm diameter, nominal 0.7-μm pore size) held in a stainless steel fi lter unit (Wilde et al., 2004) . Th e fi ltered water was collected in amber-colored glass bottles that had been cleaned by baking at 450°C in a muffl e furnace for at least 2 h. Th e samples were chilled and shipped on ice overnight to U.S. Geological Survey (USGS) laboratories. A detailed description of equipment cleaning, sample collection, and sample processing methods used in this study are described in the USGS National Field Manual (USGS, variously dated).
Analytical Methods
Filtered water samples received at the laboratory were refrigerated at 4°C in the dark until extracted, which was generally less than 30 d aft er their collection. Samples were extracted on a disposable C-18 polypropylene solid-phase extraction column. Th e samples were eluted the same day they were extracted, and the sample extracts were immediately analyzed or stored in LC vials at −10°C until analysis.
Th e parent pesticides (acetochlor, alachlor, metolachlor) were analyzed by GC/MS with selected-ion monitoring (Zaugg et al., 1995; Lindley et al., 1996) at the USGS National Water Quality Laboratory in Denver, Colorado. Th e limits of quantitation for acetochlor and alachlor were 0.003 and 0.002 μg L −1 , respectively, and 0.006 μg L −1 for metolachlor (Table 2) . Th e ESA and OXA degradates were analyzed at the USGS Organic Geochemistry Research Laboratory in Lawrence, Kansas. Over the 11-yr duration of this study, three techniques were used to analyze herbicide degradate samples. High-performance liquid chromatographydiode array detection was used to analyze samples for acetanilide degradates from the start of the study in 1996 through September 2000 (Zimmerman et al., 2000) . Samples collected from October 2000 through September 2001 were analyzed using HPLC/MS methods (Lee et al., 2001) . Samples collected aft er 1 Oct. 2001 were analyzed using an automated, on-line, solid-phase extraction LC/MS (Lee and Strahan, 2003) . Samples with concentrations >2.0 μg L −1 were diluted to a concentration within the analytical range of this method and reanalyzed. Th e limits of quantitation for all degradate compounds were 0.2 μg L −1 using HPLC-diode array detection and 0.05 μg L −1 using HPLC/MS. Results of fi eld blanks (organic free water run through sampling and processing equipment) and sample replicates indicated that samples were free of carry-over contamination and that analytical reproducibility was generally within 10% for parent compounds and <18% for degradates (Table 2) . Martin (2009) adjusted the analytical results for the parent pesticide compounds from samples at the two study sites to prevent bias in the fi tted concentration trends due to serial correlation, rounding, changes in reporting levels, or laboratory recovery bias. A consistent minimum reporting level equal to the maximum value of the long-term method detection level for the 11-yr study period was used for each compound. Th e analytical result was corrected to account for the laboratory recovery (Martin, 2009) . Pesticide degradate concentrations also were adjusted to account for laboratory recovery. Th e limit of quantitation changed as analytical methods changed through the study (Table 2) , and all concentrations were censored to a value of 0.20 μg L −1
Data Analysis
, which was the highest minimum reporting level of the three analytical methods used for all compounds during the study (Table 2 ). All censored concentrations were arbitrarily set to the minimum reporting level for statistical summary and trend analysis to ensure that trends were not due to changing analytical precision.
Statistical Analysis of Concentration Trends
Trends in pesticide degradate concentrations for the 1996-2006 period were evaluated using SEAWAVEQ, the same parametric regression model used by Vecchia et al. (2009) and Sullivan et al. (2009) to evaluate pesticide trends in Midwest Corn Belt streams from 1996 to 2006. Th e SEAWAVEQ model is designed to analyze seasonal variability in pesticide concentrations and to account for the infl uence of short (daily), medium (monthly), and long-term (annual) variability in streamfl ow. Th e length and timing of the application season (the specifi c time interval during the application year during which a given pesticide is being applied) are selected as part of the SEAWAVEQ model selection procedure. Although the application season may vary somewhat from year to year in response to weather conditions and crop planting dates, these changes are generally minor and do not substantially aff ect annual load estimates. Data are not readily available, making a detailed exploration on the timing of application beyond the scope of this paper. A detailed description of the SEAWAVEQ regression model is given in Vecchia et al. (2008) . A summary of the model, along with coeffi cients (Supplemental Table S1 ) of the regression equations developed for this report, are provided in the supplementary material.
Estimation of Annual Loads
Daily load estimates were calculated from mean daily streamfl ow and daily estimated concentrations output from the SEAWAVEQ model. Streamfl ow data collected from gages located at the two sampling sites were obtained from the USGS National Water Information System (USGS, 2010). Daily estimates were summed to obtain a yearly load for each constituent. Th e yearly load is defi ned as the mass transported during and 1 yr aft er application (application year). Th e application year begins on 1 April (application of pre-emergent herbicides in the IR watershed normally begins sometime in April) and ends 30 March of the following year. Degradate 275 d) . Use of the application year load allows for clearer understanding of the relation between use and transport in the rivers and streams as compared with use of calendar year load.
Results
Occurrence and Concentration of the Acetanilide Compounds
Th e two most heavily used acetanilide herbicides, acetochlor and metolachlor, and their ESA and OXA degradates were the most commonly detected herbicide compounds in samples collected from SFIR and IR sites from 1996 through 2006. With the exception of acetochlor OXA, acetochlor and metolachlor compounds were detected in more than 50% of the samples (Table 3) . Acetochlor OXA was detected at a rate that generally was less than half the detection rate of the acetochlor ESA degradate. Metolachlor and metolachlor ESA were present in all samples, and metolachlor OXA was present in more than 80% of the samples. Alachlor, which had the smallest use in the IR watershed during the study period, was detected in less than 50% of the samples (Table 3) . Alachlor OXA was rarely observed (<5%). In contrast, alachlor ESA, a persistent degradate commonly found in shallow groundwater (Steele et al., 2008; Kolpin et al., 1998) , was observed in 53 and 98% of the samples from the SFIR and IR, respectively.
Median concentrations of the ESA degradates were generally more than an order of magnitude greater than concentrations of the parent compounds (Table 3) . Median metolachlor ESA concentrations were >2 μg L −1
, whereas median metolachlor concentrations were <0.2 μg L −1
. Although median acetochlor and alachlor ESA concentrations were <1.0 μg L −1 , they were more than an order of magnitude greater than the parent compounds. Median concentrations of the OXA degradates were greater than the parent compounds but much less than the ESA degradates. Th ese results are similar to those observed in a previous study in the Midwest (Battaglin et al., 2003) .
Concentrations of the acetanilide herbicide parents and their degradates were similar in the smaller SFIR compared with the larger IR (Table 3) , except for acetochlor ESA, acetochlor OXA, and alachlor ESA, which had signifi cantly greater concentrations at the IR than at the SFIR (Table 3) . Alachlor occurred more frequently at the larger IR site than in the smaller SFIR. Th e only parent compound with signifi cantly diff erent concentrations between sites was metolachlor. Metolachlor concentrations were signifi cantly greater in SFIR (median, 0.136 μg L 
Concentration Trend in Acetanilide Degradates
Th e SEAWAVEQ fi tted concentrations and concentration trends for the acetanilide parent and degradates are shown in Fig. 5, 6 , and 7. Th e fi tted concentrations include fl ow-related variability, seasonality, and trend and are computed as described in the supplemental material. Th e trend is the fi tted change in log-transformed concentration aft er removal of seasonality and fl ow-related variability and is sometimes referred to as a "fl owadjusted" trend. Th e slopes of the trends (expressed as an average percent change per year) are given in Table 4 . To compare the concentration trends to trends in use, the use data shown in Fig.  4 were used to compute a use trend. Th e annual use estimates for the years 1996 to 2006 were log-transformed, and a linear regression with time was used to estimate the slope of the regression line. Th e use trends are given in Table 4 along with the concentration trends.
Concentrations of alachlor, metolachlor, and their degradates (with the exception of alachlor OXA, which was not detected frequently enough at either site for trend analysis) trended downward from 1996 to 2006 for both SFIR and IR (Table  4 ; Fig. 6-7) . All trends for these compounds were downward, signifi cant, and of similar magnitude, ranging from a decrease of 23.1% yr −1 for alachlor ESA for SFIR to a decrease of 8.4% yr
for metolachlor for the IR. Similar downtrends for acetochlor and its degradates for the SFIR (decreases of 9.7-13.6% yr −1
, all signifi cant) also occurred (Table 4 ; Fig. 5 ). However, for IR there was a signifi cant 7.1% yr −1 uptrend in acetochlor concentration and a small but signifi cant 3.3% yr −1 downtrend in acetochlor ESA and a nonsignifi cant decrease of 3.7% yr −1 in acetochlor OXA. Decreasing concentrations of all metolachlor compounds (Fig. 7) refl ect its declining use due to reformulation and the adoption of glyphosate-resistant crops (Fig. 4) . Metolachlor use for both sites decreased by about 11% yr −1 (about 70% total) during the years 1996 to 2006 (Table 4 ; Fig. 4) , and metolachlor concentrations decreased at a similar rate (Table 4 ; Fig. 5 ).
Concentrations of acetochlor compounds (Fig. 5) generally decreased for SFIR. Although acetochlor use during the years 1996 to 2006 for that site also decreased somewhat (about 2% yr −1 , or 20% total), the concentration decreases were considerably greater than the use decreases ( Fig. 5; Table 4 ). Th ere may be other non-use-related factors, such as changes in application timing or method, that contributed to the steeper concentration downtrends for that site. For IR, decreases in acetochlor ESA and OXA concentrations ( Fig. 5 ; Table 4) were slightly steeper than decreases in acetochlor use during the years 1996 to 2006. However, there was a signifi cant increase in concentration of the acetochlor parent compound for that site despite the small decrease in use. Potential reasons for this discrepancy are discussed below.
Although use of alachlor was relatively minimal in relation to the other acetanilide herbicides (Fig. 4) , use declined substantially in terms of a percent change during study period. For IR, alachlor use decreased about 12% yr
, and similar decreases in concentrations of alachlor and the ESA degradate occurred during the study (Table 4 ; Fig. 6 ). Although estimated use for SFIR declined at a much faster rate (40% yr −1 ), downtrends in alachlor and the ESA degradate for that site were similar to downtrends for the larger IR site. Inaccuracies in small use estimates for SFIR may have resulted in a larger estimated use downtrend than actually occurred for that site. At the end of the study period, alachlor ESA was only detected during the growing season in SFIR. In contrast, alachlor ESA was present year round throughout the study in IR.
Inconsistencies between the use and concentration trends for acetochlor and its degradates may be due, at least in part, to the period of record used for the study and the gaps in the ESA and OXA data during the years 2002 to 2005. For IR, a previous study ) indicated a signifi cant downward trend in acetochlor concentration from 1996 to 2002, but an uptrend occurred during the years 2000 to 2006. Th is same trend pattern for acetochlor concentrations occurred in the SFIR . Degradate compound trends would be hypothesized to parallel those of the parent compounds, and thus the trend in parent compounds from 2002 to 2006 would suggest that, even though the overall trend was downward, degradate concentrations may have initially decreased and then subsequently increased in a pattern that was similar to the parent compounds. However, there are insuffi cient degradate data during the middle part of the study period to evaluate whether this change in the degradate concentration trend occurred midway through the study. 
Load Trend in Acetanilide Degradates
A combination of decreasing concentrations and a relatively constant or slightly decreasing water yield (Fig. 2) resulted in substantially smaller amounts of acetochlor, alachlor, and metolachlor and their ESA and OXA degradates being transported from the two IR watersheds during the study period (Fig. 8) . In this section, transport of the parent and ESA and OXA compounds are compared with the amounts of acetanilide herbicides applied in the watersheds.
Th e transport of acetanilide compounds in the IR watershed increased from the beginning of the study in 1996 until peaking in 1998 and 1999 (Fig. 8) . A period of above-average rainfall increased water yield in 1998 and 1999, which resulted in the transport of the largest mass of acetanilide herbicides during the study (Fig. 8) . About 95,000 kg (2.93 kg km −2 ) of acetanilide compounds were transported from the IR watershed to the Mississippi River in 1999 (Supplemental Table S2 ). Of the total, an estimated 21,000 kg was acetochlor compounds (the sum of the parent, ESA, and OXA loads), 13,000 kg was alachlor compounds, and 61,000 kg was metolachlor compounds (Supplemental Table S2 ). Th e total estimated alachlor compound load was about 62% of the acetochlor load even though the estimated alachlor application was only about 8% of the acetochlor application in 1998 (Fig. 4) . Almost twice as much total metolachlor (61,000 kg) as total alachlor and total acetochlor combined (34,000 kg) was transported from the watershed in 1999. Application of acetochlor and alachlor combined (859,000 kg) only slightly exceeded metolachlor application (774,000 kg) in the IR watershed in 1999. Of the 95,000 kg of acetanilide compounds transported in 1999, over 90% (86,000 kg) was from the ESA and OXA degradates (Supplemental Table S2 ). On average for all of the years of the study (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , 85% of the total acetanilide load for the IR watershed was made up of the ESA and OXA degradates.
Th e maximum herbicide load for SFIR occurred a year earlier than in the IR, but the temporal patterns were similar ( Fig. 8 ; Supplemental Table S2) . Th e total estimated amount of acetanilide compounds transported in SFIR in 1998 was about 2300 kg or 3.86 kg km −2 when expressed as a yield from the watershed. More than 80% of the total consisted of metolachlor compounds (1900 kg). Acetochlor compounds contributed about 12% (280 kg) and alachlor compounds contributed about 6% (150 kg) of the total acetanilide compound load transported in the SFIR in 1998 (Supplemental Table S2 ). Degradates accounted for 91% (2100 kg) of the total load for 1998. When averaged over the years 1996 to 2006, degradates accounted for a similar share (89% of the total load for SFIR compared with 85% for IR). Acetanilide degradates transported from the IR are an important source of herbicide compounds in the Mississippi River because degradate compounds made up the largest proportion of total herbicide concentrations downstream from the midwestern Corn Belt during the years 1999 to 2001 (Rebich et al., 2004) .
Aft er 1998 and 1999, acetanilide loads decreased substantially in both rivers through the end of the study (Fig. 8) . By 2005, the load of total acetanilide compounds transported to the Mississippi River from the IR was only about 19% of the peak in 1999 (Supplemental Table S2 ). Th e load of total acetanilide compounds transported in SFIR in 2005 was about 16% of that transported in 1998. Th e 2005 loads of acetochlor compound were 16 and 24% of the 1998 loads at the SFIR and IR, respectively. Although relatively low due to a substantial reduction in use before the study began, alachlor compound loads continued to decline and in 2005 were only 6 and 15% at the SFIR and IR sites, respectively, of those during the peak years. As with acetochlor and alachlor compounds, metolachlor compound loads in 2005 were substantially smaller (17% at SFIR and 15% at IR) than their peak loads in the late 1990s.
Trends in acetanilide compound loads for the years 1996 to 2006 were computed using the annual load estimates shown in Fig. 8 and compared with the annual use trends described earlier. Similar to the use trends, load trends were obtained via linear regression of log-transformed annual loads versus year and converted to a percent change per year. For all cases except the acetochlor parent compound for IR, signifi cant downtrends occurred in annual loads (Table 5 ). For metolachlor, downtrends in loads were similar among the parent and ESA and OXA degradates and generally were steeper than downtrends in use. For example, for IR the use downtrend was 10.9% per year, and the load downtrends ranged from 17.0% yr −1 (metolachlor ESA) to 20.1% yr −1 (metolachlor OXA). For alachlor, downtrends in loads also were steeper for IR (19.3-23.6% yr ) for that site. Th e use downtrend for that site may be inaccurate due to inaccuracies in small use estimates. For acetochlor, downtrends in loads for the parent compound for SFIR and the ESA and OXA degradates for both sites were much steeper (range, 11.2-19.5% yr ). However, the acetochlor parent compound load for IR was essentially constant, in stark contrast to degradates for that site. As discussed earlier for the concentration trends, the discrepancy for acetochlor loads may be due to a nonuniform trend in use and concentration during the study period. Although loads generally declined, they were variable from year to year (Supplemental Table S2 ). Loads tended to decrease in dry years (2000) and increase in wet years with more runoff (2004) . Th e total load of acetanilide compounds in 2000 when the water yield in the IR watershed was 16.8 cm (Fig. 2) was about 30,000 kg, which was less than a third of the load the previous year (95,000 kg) when the water yield was 34.7 cm (Fig.  2) . Aft er declining to 19,000 kg in 2003, the annual acetanilide compound load increased to 39,000 kg in 2004 when rainfall increased and subsequent water yield increased to 27.6 cm.
Proportion of the Applied Herbicide Transported from the Watershed
Th e proportion of the applied acetochlor and metolachlor that was transported from the two watersheds varied between compounds and was dependent on the amount of water moving through the system. Th e load as a percentage of use (LAPU) for total acetochlor (sum of parent and degradate loads) for SFIR ranged from 0.3 during dry years (such as 2000 when water yield was about 6 cm) to >1.0 in 1998 and 1999 when water yield were >25 cm (Fig. 9) . Th is acetochlor LAPU was within the range reported for a small intermittent stream in eastern Nebraska (Vogel and Linard, 2011) . Acetochlor LAPU values were signifi cantly (P < 0.05, Wilcoxon rank sum) greater for IR than SFIR. For IR, acetochlor LAPU values ranged from <1.0 when annual water yield was <20 cm to >2.0 when annual water yield was almost 35 cm (Fig. 9) .
Th e metolachlor LAPU also varied in relation to water yield during the 1996-2006 study period. Metolachlor LAPU values for SFIR ranged from about 1.3 when water yield was about 6.0 cm in 2000 to >6.0 when water yield was about 36 cm (Fig. 9) . Th e LAPU value for metolachlor was signifi cantly (P < 0.05, Wilcoxon rank sum) greater for IR than in the smaller SFIR.
Metolachlor LAPU values for IR ranged from about 1.6 to >7.0. Th e lowest LAPU values occurred during years of lowest water yield, and the highest LAPU values occurred during years of greatest water yield (Fig. 9) . Th e LAPU values found during this study are generally greater than those previously reported (Lerch et al., 2011; Capel et al., 2001) , which only used the parent compounds in their load calculations.
Total alachlor LAPU values were not signifi cantly correlated with water yield. Decreasing amounts of alachlor were applied in both watersheds during the study, which resulted in concentrations of alachlor and its ESA and OXA degradate less than the minimum reporting level. Th us, load calculations were diffi cult when concentrations were unknown, and any analysis of correlation between load and water yield may produce questionable results.
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Discussion
Decreasing use of acetochlor, alachlor, and metolachlor herbicides due to regulatory action, replacement with other herbicides, and reformulation corresponded with decreasing concentrations of ESA and OXA degradates in both study sites during the study period. Th ere was a general downward trend in degradates from 1996 to 2006, but the greatest decrease generally occurred aft er 1998 or 1999 (Fig. 8) . Change in transport in the mass of degradates out of the watershed was related to change in use of the parent and in the amount of water moving through the hydrologic system. However, the generally steeper load downtrends in comparison to use downtrends suggests that other factors, such as changes in application methods or tillage practices, may have contributed to a larger reduction in the amount of herbicides being transported from these basins than use trends alone can explain. Th e almost continual presence of the alachlor ESA, and to a lesser extent the alachlor OXA, in the rivers years aft er application of the parent compound was reduced or ceased, which suggests that these compounds are persistent in soils and groundwater.
Trend in Degradate Concentration and Load Is Related to Herbicide Use
As expected, decreased use of alachlor and metolachlor during the 1990s and early-to mid-2000s in the IR watershed corresponded with less frequent occurrence and smaller amounts of the parent and degradate compounds transported from the IR watershed. Alachlor use in the IR watershed decreased about 12.5% yr −1 on average (total decline, 77% from 1996 to 2005) and was accompanied by decreases of 13.6% yr −1 in annual load of the alachlor parent compound and 12.1% yr −1 in load of alachlor ESA (Table 5) .
Similarly, the annual application of metolachlor decreased on average 11% yr −1 (total decline, ∼70%) during the study, and annual loads of metolachlor and both degradates decreased by >17% yr −1 (total decline, >87%) . About 90% of the metolachlor compound mass consisted of the ESA and OXA degradates. A more moderate decrease in annual acetochlor use of about 2% yr −1 (total decline, ∼20%) during the study corresponded with a much steeper decrease of about 13% yr −1 (total decline, ∼78%) in loads of acetochlor degradates and essentially constant loads of the acetochlor parent compound. Th is discrepancy may be due to a nonmonotonic pattern in annual use during the study and to diff erences in sampling coverage between the acetochlor parent and its degradate compounds. Although acetochlor use declined by 2% yr −1 on average, most of the decline occurred during the years 1996 to 1999 and 2004 to 2006, and use was relatively high during the years 2000 to 2004 (Fig. 4) . Because most of the degradate concentration data from the years 2000 to 2004 were missing (Fig. 5) , the downtrends may not have been as steep had the missing data been available. Th e parent compound, which had data throughout the study, did not decline as steeply.
Th e greater percent reduction in herbicides transported from the IR watershed in relation to the percent reduction in the amount applied may be infl uenced by the increased use of conservation tillage practices. Although a review of the results of studies investigating the eff ects of tillage eff ects on pesticide fate in soil (Alletto et al., 2010) were sometimes variable and contradictory, conservation tillage results in an increase in organic matter at the soil surface, which leads to pesticide retention in the soil. Major changes in tillage practices occurred in the 5 or 6 yr before the study began, but the smaller increases in conservation tillage in the IR watershed in the early 1990s that continued through 2004 are concurrent with the declining load trend.
Th e overall downward trend from 1996 to 2006 in concentrations and loads for acetanilide degradate and parent compounds occurred with year-to-year variability that cannot be explained based on herbicide use or tillage practices. Th e variability from year-to-year suggests that transport was aff ected by the timing and amount of precipitation. Th e LAPU also was variable from year-to-year and was dependent on water yield (Fig.  9) . As expected, increased amounts of water moving through the watershed would transport a greater percentage of the applied herbicides, especially the relatively soluble degradates, from the soils into the rivers through surface runoff , shallow groundwater infl ow, and subsurface drainage.
Th e peak transport of herbicide degradates and their parent compounds in1998 and 1999 was off set from the peak use by 2 yr. Th is off set may be due at least in part to the retention of the herbicide compounds in the hydrologic system. Shallow alluvial aquifers are one possible area where herbicides may be temporarily stored. Acetanilide herbicides degrade rapidly in the root zone and are transported to shallow groundwater (Bayless et al., 2008) where they commonly occur in alluvial aquifers in Iowa Boyd, 2000) . Because of the slow rate of fl ow through the shallow aquifers (Puckett and Hughes, 2005) , degradates may move into rivers and streams years aft er the parent compounds were applied. Herbicide transport from the watershed may also be temporarily delayed by storage in infi ltration from the IR into adjacent alluvial aquifers during high streamfl ow in the spring and, through seepage, may move back into the river later when fl ow decreases (Squillace et al., 1993; Boyd, 2000) .
Persistence of Degradate Compounds
Th e discontinued or decreased use of an acetanilide herbicide does not result in its immediate disappearance from the IR. A number of acetanilide pesticide degradate compounds that are under consideration for a study of eff ects on drinking water (USEPA, 2009) may persist at low concentrations in streams and rivers for a number of years aft er use is discontinued. Before this study began, alachlor use in the IR watershed substantially decreased compared with the 1980s and early 1990s. Th e alachlor ESA degradate was still detected, albeit at small concentrations relative to acetochlor ESA and metolachlor ESA. Th e parent compounds degrade quickly, but some of the degradate compounds are more persistent as evidenced by the fact that more than 95% of the alachlor compounds transported from both watersheds were the ESA compound. Groundwater seeping into the river may continue to be a major source of degradates to rivers aft er an acetanilide herbicide is no longer applied. Degradate compounds that are common in shallow groundwater in Iowa (Savoca et al., 2000; Kolpin et al., 1998) and other parts of the Midwest (Steele et al., 2008; Warner and Morrow, 2007) are still discharging to rivers and streams years aft er being applied (Tesoriero et al., 2007; Puckett and Hughes, 2005) . Th e lag in transport of some degradates that are more persistent in shallow groundwater to streams may produce a degradate trend substantially diff erent than that of the parent compounds (Steele et al., 2008) .
Implications
Results of this study provide important information regarding the implications of changing pesticide use in Iowa and the Midwest as farming practices evolved during the mid-1990s to mid-2000s. Th e impact of future changes in cropping patterns and chemical use may be anticipated as a result of this 11-yr study.
Because the presence and amount of some degradates closely follow use of acetochlor, alachlor, and metolachlor, any increased use in Iowa and possibly the Midwest may result in a rapid increased presence of the ESA and OXA degradate compounds in rivers and streams. Decreased use of metolachlor and alachlor from 1996 through the mid-2000s was associated with increased glyphosate use on resistant corn and soybean varieties in Iowa. Because of growing concern for glyphosate-resistant weeds, the use of pre-emergent herbicides in combination with glyphosate is being encouraged (Gustafson, 2008) . Weed control programs using a combination of pre-emergent and postemergent herbicides have become increasingly popular during the mid-to late 2000s to better control weeds and to manage glyphosateresistant weeds. Pre-emergent herbicides that include acetanilide compounds are applied in spring to prevent germination of weeds (Givens et al., 2009) . Later in the growing season, herbicide mixtures that include at least one acetanilide herbicide are applied to kill growing weeds and to prevent germination of additional weeds. Weed control programs that make increasing use of herbicides mixes may be the cause of an upward acetochlor-use trend in the IR watershed beginning in 2006 (Fig.  5) . Because of the close relation between parent and degradate compounds in rivers, it is anticipated that an upward trend in use will result in increased concentrations and loads of acetochlor and metolachlor ESA and OXA degradates.
Regulatory actions, reformulation, and replacement with other herbicides produced the intended reduction of alachlor and metolachlor in the IR, but more soluble degradates that leach into shallow groundwater and under consideration for study of eff ects on drinking water (USEPA, 2009) may continue to persist at low concentrations in streams and rivers for a number of years aft er use is discontinued.
